Bacterial infections have become a global issue that requires urgent attention, particularly regarding to emergence of multidrug resistant bacteria. We developed quaternary amine-containing antimicrobial poly(bile acid)s that contain a hydrophobic core of lithocholic acid in the main-chain. Interestingly, by choosing appropriate monomers, these cationic polymers can form core-shell micelles. These polymers exhibited biocidal activity against both Gram-positive and Gram-negative bacterial species. It is demonstrated that the micelles can deliver hydrophobic antibiotics that functionally have dual antimicrobial activities. Cytotoxicity assays against HeLa cells showed dosage-dependent toxicity for polymers with longer linkers.
Introduction
Microbial infections, especially those caused by resistant bacteria have become problematic due to increasing ineffectiveness of conventional antibiotics [1] . The overuse of antibiotics in health care settings and agriculture, coupled with the slow pace of new antimicrobial discoveries and approvals over the last few decades, have resulted in many new resistant bacterial strains that complicate the well-being of humans, food security, and societal development [2, 3] . Therefore, there is an increased interest by the scientific community to explore new avenues to circumvent the problem with resistant bacteria. Bacterial membrane anionic lipids are considered attractive targets to design novel antibacterial agents [4] . In general, antimicrobial polymers are a class of hydrophilic cationic macromolecules that can selectively destroy microorganisms such as bacteria, fungi or protozoans with little or no cytotoxicity to mammalian cells [5, 6] . Most antimicrobial polymers contain quaternary ammonium centers as the cations, while others possess cations such as phosphonium, sulfonium or metal centers [7e13] .
We have developed several antimicrobial macromolecules utilizing pine tree-derived natural resin acids (or rosins) that have relatively good antimicrobial activities [14e17] . Cationic charges were implemented as pendent groups from polymer backbones. However, antimicrobial agents such as antimicrobial peptides and antimicrobial polymers with facially amphiphilic orientation show better antimicrobial properties due to a local balance of amphiphilicity [18] . We noted bile acids as potential candidates for preparing effective antimicrobial polymers. Bile of mammals and other vertebrates is rich in bile acids, which are amphiphilic steroidal acids. They typically stay conjugated with taurine or glycine in the liver forming bile salts that serve as surfactants to solubilize dietary lipids and fats by the formation of micelles allowing digestion of food. Bile acids have been utilized in many areas including gene delivery [19, 20] , drug delivery [21] , sensing [22] , polymeric gels [23] , antimicrobial agents [24e26] and other biological applications [27] .
The 5b framework of bile acids or the cis A-B ring junction imparts a curvature to the ring system resulting in two faces with dramatically different properties [28] . Hydroxyl groups of bile acid molecules are positioned in the a-face while their methyl groups are in the b-face, thereby creating facial amphiphilicity (Fig. 1A) .
The steroidal nucleus with four fused rings provides the hydrophobic core that can preferentially embed into cell membranes. The presence of hydroxyl and carboxylic acid groups offers hydrophilic chemical functionalization to achieve robust molecular designs and architectures to investigate key determinants of its surface activity and the ability to selectively interact with membrane lipids [29, 30] .
Recent advances on bile acid in macromolecular research include a variety of structures having bile acids as repeating units in the polymer backbone, as pendant groups along the polymer chain in block, or statistical polymers and chain end-functional polymers [31] . Notable advances on bile acid polymers have been carried out by Zhu and coworkers [32, 33] . Controlled polymerization methods such as ATRP, RAFT and ROMP have been used to make side chain bile acid-containing polymers. Polymers containing bile acids in the main chain have been prepared using step-growth polymerization via incorporating a variety of linkers, such as esters, anhydrides, triazoles, b-amino esters and sulfide [34e38] . Polycondensations are useful to prepare highly efficacious and inexpensive antimicrobial polymers for numerous applications [39] . A unique class of polyelectrolytes known as ammonium polyionenes can be prepared by step-growth polymerizations to have cations in the main chain at regular and specific sites [40] . They are generally prepared from a reaction between ditertiary amines and dihalides via Menschutkin reaction [41, 42] . These polymers exhibit strong and fast acting antimicrobial activities [43e45]. However, little is known regarding the preparation of hydrophobic polyionenes that incorporate natural product-derived chemicals targeted for antimicrobial applications.
We envisioned the possibility to develop dihalides monomers from bile acids such as lithocholic acid that can be used to prepare quaternary ammonium polyionenes. Water soluble cationic polymers with degradable ester linkages can be easily developed using lithocholic acid in the main chain. In this study, we developed difunctional monomers from lithocholic acid, and used them to make cationic polymers that contain quaternary ammonium groups along the polymer backbone. These polyionene antimicrobial polymers formed micelles in water. The antimicrobial activity, cytotoxicity, and drug delivery applications were then demonstrated.
Experimental section

Materials
Lithocholic acid (95%, Aldrich), lithium aluminum hydride (95%, Aldrich), 2-bromoacetyl chloride (95%, Aldrich) and 6-bromohexanoyl chloride (97%, Aldrich) were used as received. N,N,N 0 ,N 0 -tetramethyl-1,2-ethanediamine (99%, TCI) and N,N,N 0 ,N 0 -tetramethyl-1,6-hexanediamine (99%, Aldrich) were distilled before use. Tetrahydrofuran (THF) and N, N-dimethylformamide (DMF) were dried over drying columns. Ampicillin was purchased from VWR as the pure form. All other reagents and solvents were from commercial resources and used as received unless otherwise mentioned. Spectrum Spectra/Por ® 3 Dialysis Membranes with MWCO 3500 were purchased from VWR. All other reagents used for biological assays were purchased from Thermo Fisher Scientific or Sigma Aldrich and will be mentioned in the respective sections.
Characterization
1
H NMR (300 MHz) spectra were recorded on a Bruker Avance III HD 300 with deuterated chloroform or dimethyl sulfoxide as solvents. The molecular weight of polymers was determined by size exclusion chromatography (SEC) using Agilent 1200 (pump, autosampler), Wyatt DAWN HELEOS-II multiangle light scattering detector (MALS) (l ¼ 662 nm), Wyatt Optilab T-rEX (dRI) with Viscotek columns (Model-I-MBMMW-3078), exclusion limit (PS)-200 kDa, max pore size 10,000 Å. The mobile phase was DMF with 0.05 M LiBr. The samples were prepared at 5.0 mg/mL in DMF. The molecular weights were determined using the light scattering detector response with Astra V (Wyatt Technologies, Santa Barbara, CA) software. The polymer dn/dc was estimated from the mass recovery, and values ranged from 0.0062 to 0.0332 mL/g. The morphology of polymer micelles was recorded by Field-Emission Scanning Electron Microscopy (FE-SEM, Zeiss UltraPlus). A solution containing 1.0 mg/mL was prepared in water and 10 mL drop was added on to 1 cm Â 1 cm plasma cleaned Si wafers. Drop-cast films were air dried for 12 h and sputtered with gold before imaging. Films were observed using an acceleration voltage of 5.00 kV. Imaging was done under in-lens secondary electron detector with a working distance of 3.00 mm or less during the acquisition of images. The steady-state fluorescence spectra were recorded at room temperature using a PTI QM-400 fluorometer. UVevis spectra were recorded on a Shimadzu UV 2450 spectrophotometer.
Synthesis of 3a,5b-cholane-3,24-diol
A suspension of LiAlH 4 powder (2.0 g, 0.053 mol, 2.0 equiv.) was added to dry THF 100 mL in a round-bottom flask slowly and carefully in an ice bath. While maintaining cold temperature, lithocholic acid (10 g, 0.027 mol, 1.0 equiv.) was added to the suspension in small quantities under vigorous stirring. After raising to room temperature, and holding for 30 min, the mixture was refluxed for 18 h. Then the reaction mixture was transferred in small amounts to a 10% HCl(aq) 1 L in a conical flask. The product was extracted into diethyl ether 3 times. After drying with anhydrous MgSO 4 , the solvent was removed by rotary evaporation. The white solid was kept in a vacuum oven at 50 C overnight to obtain a white crystalline powder (9.6 g, yield ¼ 99%).
Synthesis of lithocholic dibromide monomers
3a,5b-Cholane-3,24-diol (10.0 g, 0.275 mol, 1 equiv.) was transferred to a solution of 6-bromohexanoyl chloride (23.5 g, 0.11 mol, 4.0 equiv.) dissolved in dry THF that was kept in an ice bath. The flask was sealed and stirred at room temperature for 24 h. Then it was washed with NaHCO 3 , water, and brine against dichloromethane. The product was concentrated by rotary evaporation and precipitated into methanol three times. The product was filtered, and vacuum dried to obtain a white powder (15.0 g, yield ¼ 75%).
Synthesis of polymers
Stoichiometric amount of dibromide and ditertiary amine was used for the step-growth polymerization. In a typical procedure, the dibromide (500 mg, 0.698 mmol, 1 equiv.) was transferred to a 25 mL round-bottom flask. It was added with N,N,N 0 ,N 0 -tetramethyl-1,6-hexanediamine (121.4 mg, 0.698 mmol, 1 equiv.) using dry DMF 5.0 mL. The flask was sealed using a rubber septum and heated to 60 C for 24 h. After the completion of reaction, the mixture was dialyzed against 3 L of water for 24 h. Then, the remaining solution was freeze-dried for 2 days to obtain a white powder (485 mg, yield ¼ 78%). In a similar manner, a control polymer (P control ) was synthesized using a dibromide monomer made by combining 1,12-dodecanediol with 6-bromohexanoyl chloride and diamine N,N,N 0 ,N 0 -tetramethyl-1,6-hexanediamine. Polymers are denoted as P m,n , where m is the number of methylene groups in the dibromide linker and n is the number of methylene groups in the ditertiary amine linker.
Dynamic light scattering and zeta potential
A Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) with a 4.0 mW 633 nm HeÀNe laser and the detector at an angle of 173 was used to measure hydrodynamic diameter (Z-average) and Zeta potential of the micelles. The samples were prepared by dispersing dry polymer in filtered (0.2 mm GHP membrane filter) deionized water with typical micelle concentrations of 0.25 mg/mL. The solutions were at pH 7 and the measurements were carried out at 25 C. The data processing was done using the general-purpose algorithms provided in the Zetasizer Software (version 7.11). Sample measurements were acquired in duplicate and reported as an average and standard error.
Critical micelle concentration
The critical micelle concentration (CMC) value of polymer solutions was determined using pyrene as the probe. A stock solution of pyrene (0.1 mg/mL) in acetone was prepared. Then, 20 mL of the pyrene solution was added to glass vials and left to dry. Next, a series of polymer solutions were made at concentrations ranging from 250 mg/mL to 0.3 mg/mL using serial dilution. Afterwards, 10.0 mL of each polymer solution was added to pyrene containing vials, vortexed for 1 min and left at room temperature for 24 h for the system to reach equilibrium. The polymer solutions were excited using 334 nm excitation wavelength and emission was recorded from 365 nm to 405 nm with a slit width kept at 2 nm. The intensity ratio of the third to first vibronic bands (I 3 /I 1 ) was calculated by taking the ratio of maximum peak intensity at 373 nm (I 1 ) and 394 nm (I 3 ). Then, plots of I 3 /I 1 as a function of logarithm concentrations of polymers were prepared from which the CMC values were determined at the intersection of the two fitted lines (inflection point) to points of the curves, the horizontal base line at low polymer concentrations and sharply rising I 3 /I 1 line at higher concentrations.
Antimicrobial assays
Actively-growing cultures of each bacterial strain (Staphylococcus aureus ATCC 25423 and Escherichia coli ATCC 25922) on Mannitol salt agar (MSA) were inoculated on Tryptic Soy Broth (TSB) agar plates. Next, 10 mL of bacterial growth culture (cell concentrations were 1.0 Â 10 6 CFU/mL) was diluted to 1 mL in TSB, and 100 mL of the diluted solution was spread on TSB agar plates to form a bacterial lawn covering the plate surface. Then, 6 mm (diameter) sterile discs were placed on the plate surface, followed by adding polymers and compounds at different concentrations. All experiments were conducted in duplicate. The plates were incubated at 37 C for 24 h. The development of a clear zone around the disk was indicative of the ability of agents to kill bacteria. The minimum inhibitory concentration (MIC) was determined following established protocols [16] .
Antibiotic loaded micelles and drug release
Antibiotic ampicillin was used to demonstrate the drug encapsulation capability of these polymers. Drug-loaded micelles were prepared by a membrane dialysis method. For this, 10.0 mg polymer P 5,6 was mixed with 10.0 mg ampicillin and dissolved in 5 mL of DMSO. Then the solution was dialyzed against 3 L deionized water at room temperature. The water was replaced three times over 24 h. Then the dialysis bag containing the ampicillin loaded micelles was immersed in a graduated glass media bottle containing 150 mL PBS solution at 37 C. The stirring was kept at 300 rpm. At specific time intervals, 3 mL of the solution was taken out for UVevis analysis at 204 nm absorption peak. After the measurements, the solution was returned to the bottle. The cumulative release was calculated based on the total release of the contents from the dialysis bag. The drug encapsulation efficiency was determined using a calibration curve made with the UVevis spectra of ampicillin solutions prepared in PBS buffer at various concentrations. Antibiotic encapsulation efficiency was calculated using the following equation.
Encapsulation efficiencyð%Þ ¼ ½ðresidual weight of ampicillin in the micellar solutionÞ=ðinitial weight of ampicillinÞ Â 100
In vitro cytotoxicity against HeLa cells
For the cytotoxicity evaluation assay, HeLa cell viabilities were examined using the Cell Counting Kit-8 (CCK-8) assay. HeLa cells were seeded in a 96-well plate at an initial cell density of 5000 cells/well in 100 mL of DMEM containing 10% Fetal Bovine Serum (FBS). The polymer samples prepared in Opti-MEM were added at varying concentrations and incubated 24 h with 5% CO 2 at 37 C. Then, the CCK-8 reagent was diluted appropriately in PBS and added to the wells. After 2 h incubation, the solution in each well was transferred into a fresh 96 well plate. The absorbance was measured at 490 nm and 600 nm using a Biotek Synergy™ H1 microplate reader. The absorbance at 490 nm was corrected using the O.D. at 600 nm. The percentage cell viability was determined by comparing the cells with only the sample and control wells with only the cell culture medium. Each experiment was conducted in triplicate and the data is presented as the mean and the standard error.
Results and discussion
Reduction of lithocholic acid with the aid of LiAlH 4 was a robust and high-yield approach to obtain 3a,5b-cholane-3,24-diol. This diol compound was then converted to dibromides using fatty acyl bromides with various lengths of alkyl groups. Cationic lithocholiccontaining polymers were synthesized by the stoichiometric copolymerization of dibromocholane derivatives with the corresponding ditertiary amines according to the Menschutkin reaction (Fig. 2) [40] .
There is a variety of accessible ditertiary amines that can be used for the polymerization allowing us to explore several different polymers for antimicrobial applications as well as antibiotic delivery. The intermediate compounds were purified by simple precipitation because the hydrophobic steroidal structure made the compounds insoluble in methanol. After the polymerization reaction was completed, dialysis against water was employed to remove unreacted amines. The products were characterized by 1 H NMR (Fig. 3) . The proton peaks next to the alcohol groups overlapped at~3.65 ppm. However, after the esterification reaction, they shifted downfield to 4.74 ppm and 4.02 ppm and the methylene group next to the bromine group appeared at 3.40 ppm. After the polymerization reaction, the peaks broadened, and the polymer was no longer soluble in chloroform. 1 H NMR of the polymer indicated new peaks relating to the ditertiary amine monomer and also the methylene group at 3.40 ppm shifted upfield to 3.26 ppm due to the formation of quaternary ammonium cations. The molecular weight of the obtained polymers indicated that most of them are short chains except P 5, 6 , which has a molecular weight of 29,000 g/mol. A control polymer (P control ) was made using 1,12-dodecanediol instead of the lithocholic diol. Both diol molecules have comparable contour lengths but differ as multicyclic vs linear structures. Interestingly, the polymers formed micelles (Fig. 4A ) during the dialysis process as observed with a slightly turbid solution having Tindall scattering. These micelles were observed using SEM (Fig. 4B ) and they appeared to be spherical in shape. Dynamic light scattering (DLS) was used to measure the size of micelles as summarized in Table 1 . The size of micelles depended on the length of the ditertiary amine as well as the dibromide linker. Polymers P 5,2 and P 5, 6 formed smaller micelles while the polymer with shorter dibromide linkers (P 1,2 and P 1,6 ) formed larger aggregates. The size difference between SEM and DLS measurements may be due to different processing conditions. Dialysis method produced size populations having low dispersities while those made by redispersing the freeze-dried samples appeared to have broader dispersities. However, the means were similar for the two populations of sizes. In addition, all the polymer micelles had positive zeta potential indicating that they were essentially cationic polymer micelles.
Amphiphilic block copolymers that contain hydrophobic and Fig. 2. (A) Synthesis of main-chain cationic polymers from lithocholic acid. Polymer labels denoted as P m,n . where m is the number of methylene groups in the dibromide linker and n is the number of methylene groups in the ditertiary amine linker; (B) The structure of P control that was synthesized using 1,12-dodecanediol instead of the lithocholic diol. cationic regions can self-assemble to form core-shell structures in aqueous solutions [46] . Although in this study homopolymers are developed, it can be proposed that in these lithocholic polymer micelles, the hydrophobic interior may be mostly composed of steroidal core structures while the cationic linkers form the outer surface (Fig. 4C) . This is also supported by the fact that the cationic outer layer prevents the formation of larger aggregates by electrostatic repulsions. According to the zeta potential values, the surface charge increased when the cationic quaternary ammonium center is further away from the steroidal core. The CMC of polymers was measured using pyrene as a spatially sensitive fluorescent probe. The ratio of intensities of the third to first vibronic bands (I 3 /I 1 ) increases with decreasing polarity around pyrene microenvironment. The I 3 /I 1 increased sharply with increasing polymer concentrations indicating the partition of pyrene molecules into the hydrophobic core of the polymer micelles (Fig. 5) . The CMC for the polymers was determined to be in the range of 7.0e12.0 mg/mL. The micelles made of polymers with shorter dibromide linkers had lower CMC values. Overall, these results indicate that the micelles prepared from lithocholic polyionenes contain a hydrophobic region.
The antimicrobial activity was evaluated using disk diffusion assays against Gram-positive S. aureus and Gram-negative E. coli (Table 1 and Fig. 6A ). The starting lithocholic acid or the dibromide did not show significant antibacterial activity against either bacterium. However, cationic lithocholic-containing polymers showed strong activities against both bacteria at quite low concentrations demonstrating their broad-spectrum activity. As observed for most cationic antimicrobial polymers, our polymers also showed better inhibition towards Gram-positive bacteria. Bile acid-based amphiphiles have been demonstrated to have strong interactions with cell membranes [30, 47] . Therefore, the mechanism of action for these novel polymers may be largely associated with membrane damage to bacterial cells. There is a possibility to enhance antibacterial activity by incorporating hydrophobic antibiotics in the hydrophobic core of these micelles. In such a system, it can be envisioned that the cationic micelles get electrostatically attracted toward bacterial membranes and disrupt them, and simultaneously release the antibiotic cargo that can further attack its specific site causing further damage to the bacterial cell.
In addition, low biocompatibility, poor bacterial cell penetration, undesirable side effects, and susceptibility to microbial resistance mechanisms are some of the causes leading to the clinical failure of many antibiotics [48] . Polymeric micelles and other nanostructures, which can incorporate antibiotics as carriers, are considered as a promising therapeutic approach [49e51]. Bile acids and their derivatives show promise as drug delivery systems and as therapeutic agents [52] . In this study, the b-lactam antibiotic ampicillin was successfully loaded onto polymer micelles (P 5, 6 ) via a dialysis method with initial loading of ampicillin and polymer in equal weights. After dialysis, the polymer micelles were able to retain 0.289 ± 0.036 mg/mg of the antibiotic based on the weight of ampicillin incorporated versus the total weight of the polymer. The encapsulation efficiency was at 28.9%. Fig. 6B shows the release profile of ampicillin in PBS at 37 C. The antibiotic release profile indicated a sustained release over several hours. After 10 h period, the cumulative release reached 76.4%. Such behavior shows that the hydrophobic drug molecules were encapsulated inside the hydrophobic core of polymer micelles. These antibiotic-loaded micelles showed enhanced activity against bacteria compared to the polymer alone (Fig. 6A) .
Next, cell viability tests were carried out using a CCK-8 assay against HeLa cells (Fig. 7) . In DMEM media containing FBS, flocculation was observed for polymers P 1,2 and P 5,2 . The presence of quaternary ammonium centers in a close proximity, only separated by two methylene groups may have a major influence for this phenomenon. Therefore, the micellar dispersions were made in Opti-MEM reduced serum media. In general, the polymers appeared to be cytotoxic to HeLa cells. Interestingly, polymer P 5,2 caused less toxicity relative to the other polymers at low dosages. The control polymer with linear alkyl chains and P 1,2 had the highest toxicity. Given the low MIC values as well as the high toxicity, P control appeared to be the most biocidal polymer.
For a broad range of applications of biocidal polymers, it is necessary to have efficacy as well as biocompatibility [53] . The cytotoxicity and antimicrobial activity of such polymers are influenced by the balance of hydrophobic content relative to the charged and hydrophilic groups. Incorporation of hydrophilic moieties such as PEG [54e56] and carbohydrates [57] can dramatically improve the biocompatibility of polycations without significant loss of antimicrobial activity. Such modifications can be used to improve selectivity of the antimicrobial agent towards bacteria over mammalian cells. Although not investigated in this study, PEG containing dibromide can be incorporated into the stepgrowth polymerization reaction to obtain more hydrophilic systems that may have better cytocompatibility.
Conclusions
In conclusion, main-chain quaternary ammonium containing antimicrobial polymers were developed using lithocholic acid as the hydrophobic structure. The synthesis involved only three simple steps that have the potential for scalability. These novel polyionenes formed micelles in aqueous media with a cationic surface and a hydrophobic core. The size of micelles can be controlled by varying the length of the dibromide and amine linkers. These polyionenes showed prominent broad-spectrum antimicrobial activities. A dual functional antimicrobial property was demonstrated by encapsulating the antibiotic ampicillin into the hydrophobic core of the polymer micelles. Cytotoxicity against HeLa cells indicated dose dependent cytotoxicity at higher dosages that may require further optimization to achieve better selectivity towards bacteria over mammalian cells.
